Introduction
============

Drug-eluting stents (DESs) are associated with delayed arterial healing and endothelialization compared to bare-metal stents (BMS). In addition to a lipid lowering effect, statins reduce vascular inflammatory reactions, improve endothelial function, and inhibit platelet aggregation and thrombus formation. The combination of ezetimibe and simvastatin {Vytorin®, MSD Pharma (Singapore) Pte Ltd., Singapore} was shown to be superior to statin monotherapy in reducing low density lipoprotein-cholesterol (LDL-C).[@B1][@B2] Recent clinical research reported that statin pretreatment before percutaneous coronary intervention (PCI) was associated with a favorable clinical outcome.[@B3] However, the effect of statin pretreatment on arterial healing and endothelialization after DES implantation is not well known. In the present study, we sought to evaluate whether pretreatment with ezetimibe/simvastatin improved delayed arterial healing and endothelialization after DES in a porcine model of coronary restenosis.

Materials and Methods
=====================

Animal study protocol
---------------------

The present study was approved by the Ethics Committee of Ch-onnam National University Medical School and Chonnam National University Hospital (CNU IACUC-H-2012-1), and conformed to the Guidelines for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (Publication No. 85-23, revised 1996). The study animals were castrated male pigs weighing 20-25 kg. Aspirin 100 mg and clopidogrel 75 mg were given daily for 5 days before the procedure. On the procedure day, pigs were anesthetized with zolazepam and tiletamine (2.5 mg/kg; Zoletil50 ®, Virbac, Caros, France), xylazine (3 mg/kg; Rompun®, Bayer AG, Leverkusen, Germany), and azaperone (6 mg/kg; Stresnil®, Janssen-Cilag, Neuss, Germany). Continuous supplemental oxygen was supplied through an oxygen mask. After a subcutaneous injection of 2% lidocaine, the left carotid artery was surgically exposed, and a 7 Fr sheath was inserted. Continuous hemodynamic and surface electrocardiographic monitoring was maintained throughout the procedure. After intravenous administration of heparin (bolus of 5000 units), the target coronary artery was engaged using a standard 7 Fr guide catheter and baseline angiograms of both coronary arteries were performed using non-ionic contrast agent in two orthogonal views.

Stent-induced stenosis
----------------------

A total of 20 pigs (40 coronary arteries) were divided into 2 groups according to pretreatment with ezetimibe/simvastatin before stent implantation. Stenting was randomly performed in the proximal portion of the left anterior descending coronary artery and left circumflex coronary artery. Pretreatment group (n=20) received oral ezetimibe/simvastatin 10/20 mg daily for 7 days before stenting and were maintained on the same dose after the stenting for the next 4 weeks. The no pretreatment group (n=20) did not receive ezetimibe/simvastatin 10/20 mg prior to the stenting but did receive it daily after stenting for 4 weeks. Stenting was performed using a BMS (Coroflex Blue®, B. Braun Vascular Systems, Berlin, Germany; 3.0×19 mm, n=10) and three types of DES: biolimus A9-eluting stent (BES, BioMatrix®, Biosensors Interventional Technologies Pte Ltd., Singapore; 3.0×18 mm, n=10), zotarolimus-eluting stent (ZES, Endeavor Resolute®, Medtronic CardioVascular, Minneapolis, MN, USA; 3.0×18 mm, n=10), and everolimus-eluting stents (EES, Promus Element®, Boston Scientific, Natick, MA, USA, 3.0×18 mm, n=10). The stent was deployed by inflating the balloon to nominal pressure at the injury site with the resulting stent-to-artery ratio of 1.3 to 1. A repeat coronary angiogram was obtained immediately after stent implantation. All pigs received 100 mg of aspirin and 75 mg of clopidogrel orally per day throughout the study period. Four weeks later, the pigs underwent a repeat angiography and the same orthogonal views were obtained. They were euthanized with an intracoronary injection of potassium chloride (15%, 20 mL). The hearts were extracted, and the coronary arteries were pressure-perfusion fixed at 70 mm Hg in 10% neutral buffered formalin overnight. The arteries were sectioned, and processed for histopathologic analysis.

Histopathologic examination
---------------------------

Histopathologic evaluation was conducted by an experienced cardiovascular pathologist. The specimens were embedded in methyl methacrylate and sections were cut with a low-speed diamond wafer mounted to a Buehler Isomet saw (Buehler Ltd., Lake Bluff, IL, USA). The stent wires were left intact in the cross sections to minimize potential artifacts from their removal. Fifty to 100 µm sections were obtained approximately 1 mm apart and stained with hematoxylin-eosin and Carstair\'s stain ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Measurements of the histopathologic sections were performed using a calibrated microscope, digital video imaging system, and microcomputer program (Visus 2000 Visual Image Analysis System, IMT Tech, San Diego, CA, USA). Borders were manually traced for the lumen area, the area circumscribed by the internal elastic lamina (IEL), and the innermost border of the external elastic lamina area. Morphometric analysis of the neointimal area for a given vessel was calculated as the measured IEL area minus the lumen area. The measurements were made on 5 cross sections from the proximal and distal ends and 3 midpoints of each stented segment. Histopathologic stenosis was calculated as 100×{1-(lesion lumen area/lesion IEL area)} and fibrin was identified on hematoxylin and eosin and Carstair\'s histochemical stained sections.

Evaluation of arterial injury
-----------------------------

Arterial injuries at each strut site were determined by the anatomic structures penetrated by each strut. A numeric value was assigned, as previously described by Schwartz et al.:[@B4] 0=no injury; 1=break in the internal elastic membrane; 2=perforation of the media; and 3=perforation of the external elastic membrane to the adventitia. The average injury score for each segment was calculated by dividing the sum of the injury scores by the total number of struts in the examined section.

Calculation of inflammation and fibrin scores
---------------------------------------------

Inflammation score for each individual strut was defined as follows: 0=no inflammatory cells surrounding the strut; 1=light, non-circumferential lymphohistiocytic infiltrate surrounding the strut; 2=localized, moderate-to-dense cellular aggregate surrounding the strut non-circumferentially; and 3=circumferential dense lymphohistiocytic cell infiltration of the strut. The inflammation score for each cross section was calculated by dividing the sum of the individual inflammation scores by the total number of struts in the examined section. Inflammatory cell counts were normalized to the injury score in the neointima. The number of uncovered struts (defined as no coverage by any tissue, except the thrombus or fibrin-platelet complex) was recorded. Arterial healing was assessed by fibrin deposition and ordinal data for fibrin were collected on each stent section using a scale of 0-3 as previously reported.[@B5]

Statistical analysis
--------------------

Statistical analysis was done using the Statistical Package for the Social Sciences (SPSS) for Windows (version 17.0; SPSS Inc., Chicago, IL, USA). Continuous variables were presented as the median (interquartile range) and comparisons were made by Mann-Whitney U test. A value of p\<0.05 was considered statistically significant.

Results
=======

There were no significant differences between pretreatment and no pretreatment groups in the IEL area {4.69 mm^2^ (4.20-5.01) vs. 4.56 mm^2^ (4.20-4.77), p=0.289}, lumen area {2.47 mm^2^ (1.62-3.02) vs. 2.21 mm^2^ (1.63-2.57), p=0.355}, neointima area {2.47 mm^2^ (1.57-3.23) vs. 2.37 mm^2^ (1.47-2.92), p=0.820}, stenotic area {50.1% (36.1-68.3) vs. 51.8% (34.9-64.5), p=1.000}, injury scores {1.25 (1.08-1.49) vs. 1.16 (1.09-1.30), p=0.297}, fibrin score {1.75 (1.45-2.00) vs. 1.74 (1.29-2.00), p=0.738}, and inflammation scores {1.08 (1.02-1.76) vs. 1.09 (1.02-2.44), p=0.659} ([Table 1](#T1){ref-type="table"}). When compared to according to stent type, no significant differences were observed between the pretreated and not pretreated groups in the IEL, lumen area, neointima area, stenotic area, injury score, fibrin score, and inflammation score ([Table 2](#T2){ref-type="table"}). The fibrin score was higher in DES than in BMS in both the pretreatment and no pretreatment groups {1.94 (1.64-2.00) vs. 1.07 (0.60-1.64), p=0.005 and 2.00 (1.57-2.00) vs. 0.44 (0.00-1.33), p=0.001, respectively} ([Table 3](#T3){ref-type="table"}). Greater fibrin deposition and inflammation around the stent struts were observed in DES, particularly in ZES and EES, compared to BMS ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). The inflammation score was, however, not statistically different between DES and BMS {1.08 (1.00-2.27) vs.1.06 (1.03-1.15), p=0.759 and 1.35 (1.01-2.94) vs. 1.06 (1.01-1.13), p=0.349, respectively} ([Table 3](#T3){ref-type="table"}).

Discussion
==========

In the present study using a porcine model of coronary restenosis, pretreatment with ezetimibe/simvastatin before stenting did not significantly inhibit neointimal hyperplasia and an inflammatory reaction compared to the conventional use of ezetimibe/simvastatin after stenting. The outcome was consistent in both DES and BMS.

Previous studies with the 1st-generation DES demonstrated that polymer-based sirolimus-eluting stents (SES, Cypher®, Cordis Corp., Miami Lakes, FL, USA) and paclitaxel-eluting stents (PES, Taxus®, Boston Scientific Corp., Natick, MA, USA) significantly reduced neointimal hyperplasia by inhibiting proliferation and migration of smooth muscle cells, but delayed arterial healing with persistent fibrin deposition and incomplete reendothelialization.[@B6][@B7] However, there is a paucity of data on the efficacy of statin pretreatment after implantation of recently introduced 2nd-generation DES such as ZES-, EES-, and biolimus-eluting stents.

Statins, in addition to their lipid-lowering properties, are known to reduce vascular inflammation,[@B8][@B9] improve endothelial function,[@B10] and inhibit platelet aggregation and thrombus formation.[@B11] Anti-inflammatory effects, in particular, are thought to play a major role in reducing cardiovascular events in patients with acute coronary syndrome, and has been proven in many clinical trials.[@B8][@B12][@B13][@B14] Inflammatory reactions are an essential component in the initiation and progression of atherosclerosis.[@B15][@B16] Recent research conducted in animals revealed that inflammatory reactions surrounding stent struts after DES implantation were associated with neointimal hyperplasia.[@B17] Statin pretreatment before PCI was associated with favorable clinical outcome.[@B3] The exact mechanisms of the effect of preemptive statin usage are not certain, but appear to be related to the pleiotropic effects of statins rather than their lipid-lowering properties.

Ezetimibe reduces plasma cholesterol levels by inhibiting its intestinal absorption without affecting the absorption of triglycerides or lipid-soluble vitamins.[@B18] The combination of ezetimibe and simvastatin (Vytorin®) was shown to be superior to statin monotherapy in reducing LDL-C.[@B1][@B2][@B19]

The effect of ezetimibe on atherosclerosis has been evaluated in a number of animal stuides.[@B20][@B21][@B22][@B23][@B24] The proven effect of lowering LDL-C and non-high density lipoprotein-cholesterol (HDL-C) is presumed to be the key mechanism for inhibition of atherosclerosis by ezetimibe.[@B25] Additionally, it has been suggested that efflux of cholesterol from macrophage foam cells by HDL-mediated reverse cholesterol transport plays a role in plaque stabilization and regression.[@B26] In addition, ezetimibe was shown to inhibit intimal hyperplasia by reducing cell proliferation and enhancing apoptosis in a rabbit autologous vein graft by restoring acetylcholine-induced endothelial intracellular Ca^2+^ increase and endothelium-dependent nitric oxide-mediated relaxation.[@B27] In a porcine coronary restenosis model, combined therapy with ezetimibe and simvastatin inhibited neointimal hyperplasia after implantation of SES and PES but did not reduce inflammatory infiltration and arterial healing.[@B28] In a rabbit model of atherosclerosis induced by balloon de-endothelialization, ezetimibe reduced atherosclerotic lesion size and plaque inflammation when combined with simvastatin.[@B24]

In the present study, all the pigs received ezetimibe/simvastatin after stenting until the end of the study period. Therefore, pretreatment with ezetimibe/simvastatin during the preceding 7 days may not have shown significant difference compared to the no pretreatment group. When comparing between type of DES regardless of pretreatment, BES had a lower area of stenosis and inflammatory score than ZES and EES, which is almost equivalent to those of BMS, except for fibrin score. These findings are, in general, consistent with recent studies using porcine coronary restenosis models.[@B29][@B30] Park et al.[@B29] reported that BES appeared to reliably reduce the inflammatory response at overlapping segments as well as non-overlapping segments. Lim et al.[@B30] observed that BES showed better histopathological characteristics than ZES and EES one month after stenting in the porcine coronary restenosis model. BES was more effective in inhibiting neointimal hyperplasia compared to ZES and EES, while BES and ZES were more effective in reducing the inflammatory reaction compared to EES. Currently, there is insufficient data to explain this finding, but the more favorable outcome with BES may be partly related to the use of a bioabsorbable polylactic acid polymer unlike ZES and EES, which uses permanent polymer-carrier-based platforms that may be associated with inflammation, late thrombosis, and restenosis. This needs to be elucidated in a future study with longer-term follow-up.

There are several limitations in the present study. First, stenting was performed in normal, non-atherosclerotic porcine coronary arteries with oversized stents for neointimal proliferation, which is different from human clinical scenarios with preexisting atherosclerosis and stent sizes matched to the reference vessel. Second, we did not examine the inflammatory response shortly after DES implantation when there is not much neointimal formation, which may have been valuable in the histopatholgic assessment of the group pretreated with ezetimibe/simvastatin. Finally, we did not conduct longer-term follow-up experiments to examine late neointimal inflammatory reaction and arterial healing.

In conclusion, a porcine model of coronary restenosis failed to demonstrate that pretreatment with ezetimibe/simvastatin before DES implantation improved arterial healing and endothelialization compared to treatment with ezetimibe/simvastatin after stenting.
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![The hematoxylin-eosin stain (A-D) and Carstair\'s fibrin stain (E-H) (magnitude×20) by stent type in swine pretreated with ezetimibe/simvastatin. A and E: BES, B and F: ZES, C and G: EES, D and H: BMS. Greater fibrin deposition and inflammation around the stent struts are shown in DES, particularly in ZES and EES. BES: biolimus A9-eluting stent, BMS: bare-metal stent, DES: drug-eluting stent, EES: everolimus-eluting stent, ZES: zotarolimus-eluting stent.](kcj-45-110-g001){#F1}

![The hematoxylin-eosin stain (A-D) and Carstair\'s fibrin stain (E-H) (magnitude×20) by stent type in swine without ezetimibe/simvastatin pretreatment. A and E: BES, B and F: ZES, C and G: EES, D and H: BMS. Greater fibrin deposition and inflammation around the stent struts are observed in DES, compared to BMS. EES shows the most severe inflammatory cell infiltration. BES: biolimus A9-eluting stent, BMS: bare-metal stent, DES: drug-eluting stent, EES: everolimus-eluting stent, ZES: zotarolimus-eluting stent.](kcj-45-110-g002){#F2}

###### Coronary artery morphometric measurements according to pretreatment with ezetimibe/simvastatin

![](kcj-45-110-i001)

                           Pretreatment (n=20)   No pretreatment (n=20   p
  ------------------------ --------------------- ----------------------- -------
  IEL area (mm^2^)         4.69 (4.20-5.01)      4.56 (4.20-4.77)        0.289
  Lumen area (mm^2^)       2.47 (1.62-3.02)      2.21 (1.63-2.57)        0.355
  Neointima area (mm^2^)   2.47 (1.57-3.23)      2.37 (1.47-2.92)        0.820
  Area stenosis (%)        50.1 (36.1-68.3)      51.8 (34.9-64.5)        1.000
  Injury score             1.25 (1.08-1.49)      1.16 (1.09-1.30)        0.297
  Fibrin score             1.75 (1.45-2.00)      1.74 (1.29-2.00)        0.738
  Inflammation score       1.08 (1.02-1.76)      1.09 (1.02-2.44)        0.659

IEL: internal elastic lamina

###### Coronary artery morphometric measurements according to pretreatment with ezetimibe/simvastatin by stent type

![](kcj-45-110-i002)

                           BES                ZES                EES     DES                BMS                                                                                                                                                          
  ------------------------ ------------------ ------------------ ------- ------------------ ------------------ ------- ------------------ ------------------ ------- ------------------ ------------------ ------- ------------------ ------------------ -------
  IEL area (mm^2^)         4.36 (4.01-4.75)   4.18 (3.98-4.39)   0.690   5.47 (4.83-5.54)   4.77 (4.68-5.17)   0.151   4.31 (3.88-4.91)   4.57 (4.13-4.75)   0.841   4.61 (4.09-5.21)   4.57 (4.18-4.77)   0.539   4.77 (4.30-4.94)   4.49 (3.75-4.68)   0.421
  Lumen area (mm^2^)       2.83 (1.64-3.17)   2.47 (2.17-3.15)   0.917   2.44 (1.44-3.16)   2.32 (1.22-3.17)   0.917   2.77 (1.55-4.42)   1.56 (0.42-1.68)   0.056   2.77 (1.63-3.29)   1.91 (1.56-2.60)   0.174   2.07 (1.52-2.56)   2.31 (2.06-2.83)   0.548
  Neointima area (mm^2^)   1.65 (0.98-2.90)   1.38 (1.15-2.03)   0.917   3.10 (1.98-3.75)   2.45 (1.99-3.46)   0.841   1.87 (1.25-3.70)   3.35 (2.62-3.98)   0.222   1.93 (1.53-3.58)   2.42 (1.75-3.35)   0.624   2.69 (2.16-3.00)   1.89 (1.21-2.46)   0.056
  Area stenosis (%)        37.3 (23.5-62.7)   34.3 (27.8-48.6)   0.917   55.8 (38.1-72.8)   51.6 (39.2-74.7)   0.917   50.1 (27.2-84.2)   68.5 (60.4-90.1)   0.421   48.1 (31.8-69.9)   54.9 (34.3-68.5)   0.567   56.8 (46.0-66.4)   44.8 (32.7-53.4)   0.151
  Injury score             1.18 (1.07-1.44)   1.16 (1.08-1.33)   0.905   1.32 (1.13-1.46)   1.12 (1.02-1.17)   0.111   1.43 (1.20-1.71)   1.50 (1.25-2.14)   0.548   1.30 (1.13-1.52)   1.18 (1.08-1.46)   0.511   1.18 (1.00-1.34)   1.08 (1.02-1.16)   0.421
  Fibrin score             1.56 (1.47-1.71)   1.95 (1.54-2.00)   0.151   2.00 (1.97-2.45)   2.00 (1.74-2.14)   0.421   2.00 (1.68-2.17)   2.00 (0.92-2.25)   0.841   1.94 (1.64-2.00)   2.00 (1.57-2.00)   0.935   1.07 (0.60-1.64)   0.44 (0.00-1.33)   0.310
  Inflammation score       1.08 (1.01-2.26)   1.02 (1.01-1.49)   0.421   1.60 (1.01-2.10)   1.35 (1.02-2.71)   0.690   1.02 (1.00-2.55)   2.94 (1.72-2.97)   0.151   1.08 (1.00-2.27)   1.35 (1.01-2.94)   0.436   1.06 (1.03-1.15)   1.06 (1.01-1.13)   0.841

BES: biolimus A9-eluting stent, BMS: bare-metal stent, DES: drug-eluting stent, EES: everolimus-eluting stent, IEL: internal elastic lamina, ZES: zotarolimus-eluting stent

###### Coronary artery morphometric measurements compared between DES and BMS

![](kcj-45-110-i003)

                           Pretreatment       No pretreatment                                                  
  ------------------------ ------------------ ------------------ ------- ------------------ ------------------ -------
  IEL area (mm^2^)         4.61 (4.09-5.21)   4.77 (4.30-4.94)   0.965   4.57 (4.28-4.77)   4.49 (3.75-4.68)   0.672
  Lumen area (mm^2^)       2.77 (1.63-3.29)   2.07 (1.52-2.56)   0.306   1.90 (1.56-2.60)   2.31 (2.06-2.83)   0.445
  Neointima area (mm^2^)   1.93 (1.53-3.58)   2.69 (2.16-3.00)   0.612   2.42 (1.75-3.35)   1.89 (1.21-2.46)   0.306
  Area stenosis (%)        48.1 (31.8-69.9)   56.8 (46.0-66.4)   0.553   54.9 (34.3-68.5)   44.8 (32.7-53.4)   0.266
  Injury score             1.30 (1.13-1.52)   1.18 (1.00-1.34)   0.219   1.18 (1.08-1.46)   1.08 (1.02-1.16)   0.056
  Fibrin score             1.94 (1.64-2.00)   1.07 (0.60-1.64)   0.005   2.00 (1.57-2.00)   0.44 (0.00-1.33)   0.001
  Inflammation score       1.08 (1.00-2.27)   1.06 (1.03-1.15)   0.759   1.35 (1.01-2.94)   1.06 (1.01-1.13)   0.349

DES: drug-eluting stent, BMS: bare-metal stent, IEL: internal elastic lamina
